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TRANSISTORS, SEMICONDUCTOR
DEVICES, AND METHODS OF
MANUFACTURE THEREOF

PRIORITY CLAIM AND CROSS-REFERENCES

This application claims the benefit of and is a divisional of
U.S. patent application Ser. No. 13/604,510, filed on Sep. 5,
2012, entitled “Transistors, Semiconductor Devices, and
Methods of Manufacture Thereof” which application is incor-
porated herein by reference.

This application relates to the following co-pending and
commonly assigned U.S. patent applications: U.S. patent
application Ser. No. 13/542,860, filed on Jul. 6, 2012,
entitled, “III-V Compound Semiconductor Device Having
Metal Contacts and Method of Making the Same;” and U.S.
patent application Ser. No. 13/467,133, filed on May 9, 2012,
entitled, “III-V Compound Semiconductor Device Having
Dopant Layer and Method of Making the Same,” which appli-
cations are hereby incorporated herein by reference.

BACKGROUND

Semiconductor devices are used in a variety of electronic
applications, such as personal computers, cell phones, digital
cameras, and other electronic equipment, as examples. Semi-
conductor devices are typically fabricated by sequentially
depositing insulating or dielectric layers, conductive layers,
and semiconductive layers of material over a semiconductor
substrate, and patterning the various material layers using
lithography to form circuit components and elements
thereon.

The semiconductor industry continues to improve the inte-
gration density of various electronic components (e.g., tran-
sistors, diodes, resistors, capacitors, etc.) by continual reduc-
tions in minimum feature size, which allow more components
to be integrated into a given area. These smaller electronic
components can introduce challenges into manufacturing
process flows for semiconductor devices.

Transistors are elements that are fundamental building
blocks of electronic systems and integrated circuits (ICs).
Transistors are commonly used in semiconductor devices to
amplify, switch electronic power, and perform other opera-
tions. Some recent designs of transistors include high electron
mobility transistors (HEMTs) which have low voltage opera-
tion, increased speed, and decreased power dissipation than
traditional complementary metal oxide semiconductor
(CMOS) devices, and vertical transistors, which have mul-
tiple gates.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclo-
sure, and the advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIGS. 1 through 11 show cross-sectional views of a method
of manufacturing a transistor of a semiconductor device in
accordance with some embodiments of the present disclo-
sure, wherein the gate, source, and drain comprise metal
group III-V (Me-I11I-V) compound materials;

FIG. 12 is a cross-sectional view of a transistor of a semi-
conductor device in accordance with some embodiments;

FIGS. 13 through 19 are cross-sectional views illustrating
a method of manufacturing a transistor of a semiconductor
device in accordance with some embodiments;
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FIG. 20 is a cross-sectional view of a vertical transistor
including the novel metal group I11-V (Me-I1I-V) compound
materials disposed on a source, drain, and gates of the vertical
transistor in accordance with some embodiments; and

FIG. 21 is a flow chart of a method of manufacturing a
transistor in accordance with some embodiments.

Corresponding numerals and symbols in the different fig-
ures generally refer to corresponding parts unless otherwise
indicated. The figures are drawn to clearly illustrate the rel-
evant aspects of the embodiments and are not necessarily
drawn to scale.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the embodiments of the present
disclosure are discussed in detail below. It should be appre-
ciated, however, that the present disclosure provides many
applicable inventive concepts that can be embodied in a wide
variety of specific contexts. The specific embodiments dis-
cussed are merely illustrative of specific ways to make and
use the disclosure, and do not limit the scope of the disclosure.

Embodiments of the present disclosure are related to the
manufacture of semiconductor devices. Novel transistors,
semiconductor devices, and manufacturing methods thereof
will be described herein. Transistors comprising group 11I-V
compound materials are disclosed. The group III materials
comprise elements such as B, Al, Ga, In, and T1 on the peri-
odic table of elements. The group V materials comprise ele-
ments such as N, P, As, Sb, and Bi on the periodic table of
elements. The group III and V materials may also comprise
other elements from group I1I and V, respectively.

FIGS. 1 through 11 show cross-sectional views of amethod
of manufacturing a transistor 130 (see FIG. 11) of a semicon-
ductor device 100 in accordance with some embodiments of
the present disclosure, wherein the gate 120 and source and
drain regions 122 comprise metal group III-V (Me-III-V)
compound materials. The group III-V materials comprise at
least one element from group III of the periodic table of
elements. The at least one element from group I1I of the metal
group III-V materials is combined with at least one element
from group V of the periodic table.

A manufacturing process flow for manufacturing a transis-
tor 130 comprising an InAs n-channel field effect transistor
(NFET) will first be described with reference to FIGS. 1
through 11. FIG. 1 illustrates a cross-sectional view of a
material stack 104,106,108, 110, 112, and 114 disposed over
workpiece 102, to be described further herein, that is used to
form the transistor 130. The various materials of the material
stack 104,106, 108,110, 112, and 114, and also subsequently
deposited materials to be described herein, are each formed
over a workpiece 102 using molecular beam epitaxy (MBE),
chemical vapor deposition (CVD), plasma-enhanced CVD
(PECVD), metal organic CVD (MOCVD), atomic layer
deposition (ALD), or other methods in some embodiments.
The semiconductor device 100 comprises a complementary
metal oxide semiconductor (CMOS) device or other types of
devices in some embodiments.

The workpiece 102 may include a semiconductor substrate
comprising silicon or other semiconductor materials and may
be covered by an insulating layer, for example. The work-
piece 102 may also include other active components or cir-
cuits, not shown. The workpiece 102 may comprise silicon
oxide over single-crystal silicon, for example. The workpiece
102 comprises Si or a compound semiconductor such as InAs
or GaSb in some embodiments, as examples. Alternatively,
the workpiece 102 may comprise other materials.
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A template layer 104 is formed over the workpiece 102,
also shown in FIG. 1. The template layer 104 comprises a
buffer layer comprising a group I1I-V compound semicon-
ductor material in some embodiments. The template layer
104 may comprise InAs or GaSb, as examples. The template
layer 104 comprises a thickness of about 200 nm, for
example. The template layer 104 may alternatively comprise
other materials and dimensions.

An insulating material 106 is formed over the template
layer 104. The insulating material 106 comprises a group
III-V compound semiconductor material as described above
for the template layer 104 in some embodiments. The insu-
lating material 106 may comprise a wide bandgap insulator
comprising AlAsSb having a thickness of about 100 nm, as an
example. The insulating material 106 may alternatively com-
prise other materials and dimensions.

A channel material 108 is formed over the insulating mate-
rial 106. A portion of the channel material 108 will later
function as a channel of the transistor 130. Other portions of
the channel material 108 will function as a sacrificial material
that is used to form source and drain regions 122 (see FIG. 9)
of the transistor 130 in some embodiments. The channel
material 108 comprises a group I1I-V compound semicon-
ductor material in some embodiments. The channel material
108 comprises InAs having a thickness of about 4 to 20 nm, as
anexample. The channel material 108 may alternatively com-
prise other materials and dimensions.

Referring again to FIG. 1, a barrier material 110 is formed
over the channel material 108. A portion of the barrier mate-
rial 110 will function as a barrier of the transistor 130. The
barrier material 110 comprises a wide bandgap barrier and
functions as a barrier between the channel and a gate 120 (see
FIG. 9) of the transistor 130. The barrier material 110 com-
prises a high dielectric constant (k) dielectric material having
a k value higher than a k value of silicon dioxide, HfO,,
Ga,0;, ZnTeSe, or combinations or multiple layers thereof in
some embodiments. The barrier material 110 comprises a
thickness of about 1 to 10 nm, as an example. The barrier
material 110 may alternatively comprise other materials and
dimensions.

A first sacrificial gate material 112 is formed over the
barrier material 110. The first sacrificial gate material 112
comprises a group III-V material in accordance with some
embodiments. The first sacrificial gate material 112 com-
prises a semiconductive material such as InGaAs or InAs
having a thickness of about 10 to 100 nm, as an example. The
first sacrificial gate material 112 may alternatively comprise
other materials and dimensions.

A second sacrificial gate material 114 is formed over the
first sacrificial gate material 112. The second sacrificial gate
material 114 comprises a semiconductive material in some
embodiments. The second sacrificial gate material 114 com-
prises polysilicon in some embodiments, as an example. The
second sacrificial gate material 114 comprises a thickness of
about 40 to 100 nm in some embodiments, as an example.
Alternatively, the second sacrificial gate material 114 may
comprise other materials and dimensions.

The second sacrificial gate material 114 is patterned, as
shown in FIG. 2. The shape of the patterned second sacrificial
gate material 114 comprises a desired shape for a gate 120 of
the transistor 130, which may be rectangular in a top view, for
example. Alternatively, the patterned second sacrificial gate
material 114 may comprise other shapes. The second sacrifi-
cial gate material 114 is patterned using lithography, by form-
ing a layer of photoresist (not shown) over the second sacri-
ficial gate material 114, patterning the layer of photoresist by
exposing the layer of photoresist to light or energy reflected
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from or transmitted through a lithography mask having a
desired pattern thereon, and developing the layer of photore-
sist. Portions of the layer of photoresist are ashed or etched
away, and the layer of photoresist is used as an etch mask
during the patterning of the second sacrificial gate material
114. Alternatively, the second sacrificial gate material 114
may be directly patterned.

The first sacrificial gate material 112 is then patterned, as
shown in FIG. 3. The first sacrificial gate material 112 is
etched using a selective etch process in some embodiments,
for example. Alternatively, other types of etch processes may
be used. The barrier material 110 is then patterned, as shown
in FIG. 4. The barrier material 110 is etched using a selective
etch process in some embodiments, although alternatively,
other types of etch processes may also be used. The first
sacrificial gate material 112 and the barrier material 110
comprise substantially the same shape as the second sacrifi-
cial gate material 114 after the respective etch processes, for
example. The barrier material 110 left remaining functions as
the barrier 110 of the transistor 130. The first sacrificial gate
material 112 is used to form the novel gate 120 of the tran-
sistor 130 comprising a Me-11I-V compound material, to be
described further herein.

It should be noted that the particular etch chemistries for
the various material layers are not described in detail herein.
Etch chemistries are used for the various layers depending on
the type of material being etched, which are familiar to those
skilled in the art, for example.

A spacer material 116 is then formed over the patterned
second sacrificial gate material 114, the patterned first sacri-
ficial gate material 112, and the patterned barrier material
110, as shown in FIG. 5. The spacer material 116 comprises
Si0,, Si;N,,, or combinations or multiple layers thereof, hav-
ing a thickness of about 4 to 40 nm, as examples. Alterna-
tively, the spacer material 116 may comprise other materials
and dimensions.

The spacer material 116 is patterned to form sidewall spac-
ers 116 on the sidewalls of the patterned second sacrificial
gate material 114, on the sidewalls of the patterned first sac-
rificial gate material 112, and on the sidewalls of the patterned
barrier material 110, as shown in FIG. 6. The etch process for
the spacer material 116 may comprise an anisotropic etch
process that is adapted to remove more of the spacer material
116 from top surfaces of the second sacrificial gate material
112 and the channel material 108 relative to the removal of the
spacer material 116 on the sidewalls of the patterned second
sacrificial gate material 114, the patterned first sacrificial gate
material 112, and the patterned barrier material 110, for
example.

The second sacrificial gate material 114 is then removed, as
shown in FIG. 7, exposing the top surface of the first sacrifi-
cial gate material 112.

A metal layer 118 is formed over the channel material 108,
the sidewall spacers 116, and the top surface of the first
sacrificial gate material 112, as shown in FIG. 8. The metal
layer 118 comprises a metal (Me). The metal layer 118 com-
prises Ni, Pt, Pd, Co, or combinations or multiple layers
thereof in some embodiments. The metal layer 118 comprises
a thickness of about 5 nm to about 200 nm, as examples.
Alternatively, the metal layer 118 may comprise other mate-
rials and dimensions.

The workpiece 102 is then heated, as shown in FIG. 9. The
workpiece 102 is heated using an anneal process in some
embodiments, although alternatively, other methods of heat-
ing the workpiece 102 may be used. The workpiece 102 is
heated to a temperature of about 250 to about 500 degrees C.
in some embodiments, although alternatively, other tempera-
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tures may be used. The anneal process may comprise a single
step process or a multiple step process at two or more different
temperatures, as examples.

Heating the workpiece 102 causes the metal (Me) in the
metal layer 118 to combine with the material of the first
sacrificial gate material 112 and form a gate 120 comprising
a Me-III-V compound material, as shown in FIG. 9. The
Me-III-V compound material of the gate 120 comprises Me-
InGaAs or Me-InAs in some embodiments.

Heating the workpiece 102 also causes the metal (Me) in
the metal layer 118 to combine with the material of the chan-
nel material 108 and form a source region and a drain region
122 comprising a Me-III-V compound material. The Me-
III-V compound material of the source region and the drain
region 122 comprises Me-InAs in some embodiments. The
unreacted channel material 108 disposed beneath the barrier
110 comprises a channel 108 of the transistor 130. In embodi-
ments wherein the metal of the metal layer 118 comprises Ni,
the gate 120 is fully converted into the Ni-III-V compound
material (“nickelided”), in some embodiments, and the gate
120 comprises Ni—InGaAs or Ni—InAs, for example. The
Me-III-V compound materials of the gate 120 and source and
drain regions 122 after the anneal process comprise a crys-
talline metal material in some embodiments, as another
example. Alternatively, the materials of the gate 120 and
source and drain regions 122 may comprise other materials,
depending on the materials of the first sacrificial gate material
112 and the channel material 108.

The anneal process is halted before a metal (Me) of the
metal layer 118 diffuses into the barrier 110, in some embodi-
ments.

The metal layer 118 is then removed, as shown in FIG. 10,
and the sidewall spacers are planarized using a chemical
mechanical polishing (CMP) process. A transistor 130 is
formed that comprises the gate 120, the barrier 110, the chan-
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formed within a subsequently deposited insulating material
layer 128, as shown in FIG. 11.

As one example, a first insulating material layer 128a may
be formed over the sidewall spacers 116 shown in FIG. 9 after
the removal of the metal layer 118, and the first insulating
material layer 128a and the sidewall spacers 116 may be
planarized using a CMP process until the gate 120 top surface
is reached. A second insulating material layer 1285 is then
formed over the first insulating material layer 1284 and
exposed top surfaces of the gate 120 and the sidewall spacers
116. The first and second insulating material layers 1284 and
1285 may then be patterned using lithography, and using a
damascene process, a conductive material is then formed over
the patterned insulating material layer 128 comprising the
first and second insulating material layers 128a and 1285.
Any excess conductive material is then removed using
another CMP process leaving the contacts 124 and 126 dis-
posed within the insulating material layer 128, forming the
structure shown in FIG. 11. Alternatively, the conductive
material may be plated onto gate 120 and source and drain
regions 122 to form contacts 124 and 126, and an additional
CMP process may not be required, as another example.

The contacts 124 and 126 may alternatively be formed
using materials and methods described in U.S. patent appli-
cation Ser. No. 13/542,860, filed on Jul. 6, 2012, entitled,
“III-V Compound Semiconductor Device Having Metal Con-
tacts and Method of Making the Same,” for example, which is
incorporated herein by reference.

In the embodiments previous described herein with refer-
ence to FIGS. 1 through 11, examples of materials for the
various material layers were shown for an InAs NFET device.
Table 1 illustrates combinations of materials that may be used
for the transistors 130 described herein for various transistor
material systems, as examples, and in accordance with some
embodiments. Alternatively, other combinations of materials
may be used for the various elements.

TABLE 1

Element
No. Material system  InAs (NFET) InP (NFET) III-Sb (PFET)
102 workpiece Si, InAs, or GaSb ~ Si, InP Si, InAs, or GaSb
104 template layer InAs or GaSb InP InAs or GaSb
106 insulating AlAsSb InAlAs AlAsSb

material
108 channel InAs InGaAs orInAs  InGaSb or

InAsSb
110 barrier high-K material, HfO,, ZrO,, ALLO;,
Ga, 03, or ZnTeSe

112 first sacrificial InGaAsorInAs InGaAsorInAs  InGaAs or InAs

gate material
114 second sacrificial Polysilicon

gate material
116 sidewall spacers SiO, or SizN,
118 metal layer Ni, Pt, Pd, or Co

including a metal

(Me)
120 gate material Me—InGaAsor Me—InGaAsor Me—InGaAs or

Me—InAs Me—InAs Me—InAs
122, source region and Me—InAs Me—InGaAs or Me—InAs
122", or drain region Me—InAs
122" material
60

nel 108, and the source and drain regions 122. A gate contact
124 is coupled to the gate 120, and source and drain contacts
126 are coupled to the source and drain regions 122, respec-
tively. The contacts 124 and 126 may comprise tungsten (W)
and titanium nitride (TiN) in some embodiments, as an
example, although alternatively, the contacts 124 and 126
may comprise other materials. The contacts 124 and 126 are

65

As another example, the manufacturing process flow
described for FIGS. 1 through 11 may be used to manufacture
an InP NFET device. Some materials for the various material
layers are listed in Table 1 for a materials system for an InP
NFET device, using the process flow shown in FIGS. 1
through 11. Alternatively, other materials may be used.

Table 1 also lists exemplary materials for the various ele-
ment numbers that can be used to manufacture a III-Sb PFET
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device. FIG. 12 is a cross-sectional view of a transistor 130
comprising a [1I-Sb PFET of a semiconductor device 100 in
accordance with some embodiments, wherein the source and
drain regions 122' are not formed from the channel material
108, as in the previous embodiments described herein.
Rather, the channel material 108 comprises a material that
does not form a compound material or combine with the metal
(Me) of the metal layer 118 shown in FIG. 9.

To form source and drain regions 122' comprising a Me-
II1-V compound material, before the metal layer 118 is depos-
ited, a III-V material 131 that is combinable with the metal
(Me) of the metal layer 118 is formed over the exposed
channel material 108, as shown in phantom in FIG. 12. The
III-V material 131 may be grown using a selective epitaxial
growth process in some embodiments, for example. The
channel material 108 may be recessed before the epitaxial
growth process, or the channel material 108 may not be
recessed before the epitaxial growth process. The I1I-V mate-
rial 131 comprises InAs in some embodiments, as an
example. Alternatively, the I1I-V material 131 may comprise
other materials formed using other methods.

The II-V material 131 deposition or formation process
may not be adapted to form the III-V material 131 on top
surfaces of the sidewall spacers 116 or the first sacrificial gate
material 112 in some embodiments. In other embodiments, a
small amount of the I1I-V material 131 may also form on the
top surface of the first sacrificial gate material 112, not shown.
The manufacturing process flow described with reference to
the embodiments shown in FIGS. 8 through 10 is then per-
formed, forming the transistor 130 shown in FIG. 12. After
the metal layer 118 is formed over the semiconductor device
100 as shown in FIG. 19 and the workpiece 102 is heated, the
II1-V material 131 combines with the metal Me of the metal
layer 118 and forms source and drain regions 122' comprising
a Me-1I1-V compound material. In embodiments wherein the
III-V material 131 comprises InAs, the source and drain
region 122' comprise Me-InAs, for example. The source and
drain regions 122' may alternatively comprise other materi-
als.

FIGS. 13 through 19 are cross-sectional views illustrating
a method of manufacturing a transistor 130 of'a semiconduc-
tor device 100 in accordance with some embodiments. The
barrier material 110 is not patterned until after the formation
of the sidewall spacers 116, the removal of the second sacri-
ficial gate material 114, the formation of the metal layer, the
heating of the workpiece 102, and the removal of the metal
layer in these embodiments.

FIG. 13 illustrates the first and second sacrificial gate mate-
rials 112 and 114 after they have been patterned. Sidewall
spacers 116 are formed over sidewalls of the first and second
sacrificial gate materials 112 and 114 as described for FIGS.
5 and 6, and as shown in FIG. 14. The second sacrificial gate
material 114 is removed, as shown in FIG. 15. The metal layer
118 is formed over the top surface of the barrier material 110,
the sidewalls spacers 116, and the first sacrificial gate material
112, as shown in FIG. 16. The workpiece 102 is heated,
causing the metal (Me) of the metal layer 118 to combine with
the first sacrificial gate material 112 and form a gate 120
comprising a Me-III-V compound material, also shown in
FIG. 16. The barrier material 110 is not adapted to react with
or combine with the metal layer 118 when it is heated and
remains unaffected, also shown in FIG. 16.

The metal layer 118 is removed, as shown in FIG. 17. The
barrier material 110 is then patterned, e.g., using a selective
etch process or other etch process, as shown in FIG. 18. The
barrier material 110 left remaining beneath the gate 120 and
sidewall spacers 116 comprises a barrier 110 of the transistor
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130. Contacts are then formed that are coupled to the semi-
conductor channel 108. In some embodiments, the transistor
130 is covered with an oxide layer (not shown). Holes are
formed in the oxide layer by lithography and a dry etch
process, and the holes are subsequently filled with a contact
metal, i.e., using adamascene process. A CMP process is used
that is adapted to stop on the oxide layer, leaving contact plugs
124 and 126 formed in the oxide layer, comprising a material
such as TiN or W. In some embodiments, prior to filling the
holes with contact metal, a thin (e.g., about 4 to 10 nm) layer
of a metal (such as Pt, Ni, Ti, or Au) is deposited. In some
embodiments, a thermal anneal process is used to diffuse the
metal into the source and drain regions 122", lowering the
contact resistance between contact plugs 126 and the channel
108, forming in-diffused contact areas comprising the source
and drain regions 122" as shown in FIG. 19. The III-V mate-
rial 122" comprises the source and drain regions 122" of the
transistor 130 and in-diffused metal atoms. The in-diffused
metal may comprise Ni, Pt, Pd, Co, Pd, Au, or combinations
thereof, as examples. Alternatively, the in-diffused metal may
comprise other materials.

Embodiments of the present disclosure are also imple-
mentable in vertical transistors. For example, FIG. 20 is a
cross-sectional view of a semiconductor device 100 that
includes a vertical transistor 140 including the novel metal
group I1I-V compound materials described herein disposed
on source 122 and drain 144 regions and gates 120 of the
vertical transistor 140 in accordance with some embodi-
ments. The transistor 140 comprises a vertical transistor that
includes a vertical wire 142 extending from the workpiece
102, wherein the gate 120 comprises a Me-III-V compound
material disposed on the side of the wire 142, around the wire
142. The wire 142 of the vertical transistor 140 has a diameter
of'about 4 to 40 nm that extends vertically by a dimension of
about 40 to 400 nm in some embodiments from a surface of
the workpiece 102. The wire 142 comprises a semiconductor
material and in some embodiments comprises InAs, as an
example. Alternatively, the wire 142 may comprise other
dimensions and materials. A metal layer 118 (such as metal
layer 118 shown in FIG. 16) is formed over the gates 112 and
source and drain region 122 and 144, and the workpiece 102
is annealed to form gates 120 and source and drain regions
122 and 144 comprising a Me-111-V compound material, in
accordance with some embodiments. The source and drain
regions 122' and 122" described for the previous embodi-
ments herein may alternatively be formed for the vertical
transistor 140. In some embodiments, the wire 142 is grown
on a substrate 102. In some embodiments, the substrate 102
comprises InAs and source region 122 comprises Me-InAs.
In other embodiments, the substrate 102 comprises Si and
source region 122 comprises a silicide; i.e., a Me-Si com-
pound, e.g. NiSi or Ni,Si, as another example.

FIG. 21 is a flow chart 150 of a method of manufacturing a
transistor 130 in accordance with some embodiments that are
illustrated in FIGS. 13 through 19. In step 152, a channel
material 108 is formed over a workpiece 102. In step 154, a
barrier material 110 is formed over the channel material 108.
In step 156, a first sacrificial gate material 112 comprising a
group III-V material is formed over the barrier material. A
second sacrificial gate material 114 is formed over the first
sacrificial gate material 112 in step 158. The second sacrifi-
cial gate material 114 and the first sacrificial gate material 112
are patterned in step 160. In step 162, sidewall spacers 116 are
formed over sidewalls of the second sacrificial gate material
114 and the first sacrificial gate material 112. The second
sacrificial gate material 114 is removed in step 164. In step
166, a metal layer 118 is formed over the barrier material 110,
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the sidewall spacers 116, and the first sacrificial gate material
112. In step 168, the workpiece 102 is heated to combine a
metal (Me) of the metal layer 118 with the group I1I-V mate-
rial of the first sacrificial gate material 112 and form a gate
120 comprising a Me-III-V compound material. The metal
layer 118 is removed in step 170, and the barrier material 110
is patterned in step 172. A source region and drain region 122
are formed in step 174.

Some embodiments of the present disclosure are combin-
able with embodiments of U.S. patent application Ser. No.
13/467,133, filed on May 9, 2012, entitled, “III-V compound
Semiconductor Device Having Dopant Layer and Method of
Making the Same,” which is incorporated herein by refer-
ence. In these embodiments, prior to depositing metal layer
118, ions are implanted into the channel material 108 com-
prising a semiconductor material to form a dopant layer. The
implanted ions form a dopant layer that extends partially into
the channel material 108 or is disposed at an interface of the
channel material 108 and the source and drain regions 122.
The dopant layer is disposed between the channel material
108 and the source and drain regions 122, for example. When
the channel material 108 is transformed into the source and
drain regions 122 (or 122' or 122"), the implanted ions are
pushed forward with the Me front, e.g., through a snow plow
effect. The presence of the ions in the dopant layer at the
interface between the source and drain regions 122 and the
channel material 108 may be beneficial in some applications,
because the contact resistance is reduced or the effective work
function is changed, which determines the threshold voltage.

Some embodiments of the present disclosure include meth-
ods of semiconductor devices 100 and transistors 130 and
140. Other embodiments include semiconductor devices 100
and transistors 130 and 140 manufactured using the novel
methods described herein.

Advantages of embodiments of the disclosure include pro-
viding novel transistors 130 and 140 and methods of manu-
facture thereofthat have self-aligned structures and improved
performance characteristics. The transistors 130 and 140
have high electron mobility and low effective mass. The tran-
sistors 130 and 140 comprise HEMTs in some embodiments
that comprise self-aligned FETs with Me-1I1-V compound
gates and source and drain regions. Masking steps are not
required to form the Me-III-V gates and source and drain
regions in some embodiments, advantageously. The gates and
source and drain regions of the transistors 130 and 140 are
low-resistive, and the gates contain no granularities. The
novel methods and transistor structures and designs are easily
implementable in manufacturing process flows.

In accordance with some embodiments of the present dis-
closure, a method of manufacturing a semiconductor device
includes forming a transistor over a workpiece. The transistor
includes a sacrificial gate material comprising a group 11I-V
material. The method includes combining a metal (Me) with
the group I1I-V material of the sacrificial gate material to form
a gate of the transistor comprising a Me-I1I-V compound
material.

In accordance with some embodiments, a method of manu-
facturing a transistor includes forming a channel material
over a workpiece, forming a barrier material over the channel
material, and forming a first sacrificial gate material over the
barrier material. The first sacrificial gate material comprises a
group I1I-V material. The method includes forming a second
sacrificial gate material over the first sacrificial gate material,
and patterning the second sacrificial gate material and the first
sacrificial gate material. Sidewall spacers are formed over
sidewalls of the second sacrificial gate material and the first
sacrificial gate material, and the second sacrificial gate mate-
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rial is removed. A metal layer is formed over the barrier
material, the sidewall spacers, and the first sacrificial gate
material. The workpiece is heated to combine a metal (Me) of
the metal layer with the group III-V material of the first
sacrificial gate material and form a gate comprising a Me-
1I1-V compound material. The method includes removing the
metal layer, patterning the barrier material, and forming a
source region and a drain region.

In accordance with some embodiments, a semiconductor
device includes a transistor disposed over a workpiece. The
transistor includes a channel disposed over the workpiece, a
barrier disposed over the channel, and a gate comprising a
Me-III-V compound material disposed over the barrier. The
Me-III-V compound material of the gate comprises a metal
(Me) combined with a group III-V material. The transistor
includes a source region proximate a first side of the channel,
and a drain region proximate a second side of the channel.

In accordance with some embodiments, a semiconductor
device includes a transistor disposed over a workpiece. The
transistor includes a channel disposed over the workpiece, a
barrier disposed over the channel, and a gate including a
Me-III-V compound material disposed over the barrier. The
Me-III-V compound material includes a metal (Me) com-
bined with a group III-V material, and a topmost surface of
the gate includes the Me-111-V compound material. The semi-
conductor device further includes a source region proximate
a first side of the channel and a drain region proximate a
second side of the channel.

In accordance with some embodiments, a semiconductor
device including a transistor includes a buffer layer overlying
a substrate, a first insulating material overlying the buffer
layer, and a channel region overlying the first insulating mate-
rial. The channel region includes a first group 11I-V material.
The semiconductor device further includes source/drain
regions on opposite sides of the channel region, the source/
drain regions including a first metal-III-V compound mate-
rial, a barrier layer overlying the channel region, and a gate
overlying the barrier layer. A topmost surface of the gate
includes a second metal-I1I-V compound material.

In accordance with some embodiments, a semiconductor
device including a transistor includes a channel region over-
lying a workpiece, a barrier layer overlying the channel
region, and a gate overlying the barrier layer. A topmost
surface of the gate includes a first metal-11I-V compound
material. The device further includes source/drain regions on
opposite sides of the channel region. The source/drain regions
include a second metal-I1I-V compound material.

Although embodiments of the present disclosure and their
advantages have been described in detail, it should be under-
stood that various changes, substitutions and alterations can
be made herein without departing from the spirit and scope of
the disclosure as defined by the appended claims. For
example, it will be readily understood by those skilled in the
art that many of the features, functions, processes, and mate-
rials described herein may be varied while remaining within
the scope of the present disclosure. Moreover, the scope of the
present application is not intended to be limited to the par-
ticular embodiments of the process, machine, manufacture,
composition of matter, means, methods and steps described in
the specification. As one of ordinary skill in the art will
readily appreciate from the disclosure of the present disclo-
sure, processes, machines, manufacture, compositions of
matter, means, methods, or steps, presently existing or later to
be developed, that perform substantially the same function or
achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to
the present disclosure. Accordingly, the appended claims are
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intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

What is claimed is:

1. A semiconductor device, comprising:

a transistor disposed over a workpiece, the transistor
including:

a channel disposed over the workpiece;

a barrier disposed over the channel;

a gate comprising a Me-1I1-V compound material dis-
posed over the barrier, the Me-I1I-V compound mate-
rial comprising a metal (Me) combined with a group
II1-V material, a topmost surface of the gate compris-
ing the Me-II1-V compound material;

a source region proximate a first side of the channel; and

a drain region proximate a second side of the channel.

2. The semiconductor device according to claim 1, wherein
the transistor comprises an InAs n-channel field effect tran-
sistor (NFET), wherein the channel comprises InAs, wherein
the gate comprises Me-InGaAs or Me-InAs, and wherein the
source region and the drain region comprise Me-InAs.

3. The semiconductor device according to claim 1, wherein
the transistor comprises an InP n-channel field effect transis-
tor (NFET), wherein the channel comprises InAs or InGaAs,
wherein the gate comprises Me-InAs or Me-InGaAs, and
wherein the source region and the drain region comprise
Me-InAs or Me-InGaAs.

4. The semiconductor device according to claim 1, wherein
the transistor comprises a II1I-Sb p-channel field effect tran-
sistor (PFET), wherein the channel comprises InGaSb or
InAsSh, wherein the gate comprises Me-InGaAs or Me-InAs,
and wherein the source region and the drain region comprise
Me-InAs.

5. The semiconductor device according to claim 1, wherein
the workpiece includes a substrate comprising a material
selected from the group consisting essentially of Si, InAs,
GaSb, InP, and combinations thereof.

6. The semiconductor device according to claim 1, wherein
the transistor comprises a vertical transistor including a ver-
tical wire extending from the workpiece, wherein the gate
comprises a Me-III-V compound material disposed on a side
of the vertical wire, around the vertical wire.

7. A semiconductor device comprising a transistor, the
semiconductor device comprising:

a buffer layer overlying a substrate;

a first insulating material overlying the buffer layer;

a channel region overlying the first insulating material,
wherein the channel region comprises a first group I1I-V
material;

source/drain regions on opposite sides of the channel
region, the source/drain regions comprising a first metal-
1I1-V compound material;

a barrier layer overlying the channel region; and
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a gate overlying the barrier layer, a topmost surface of the
gate comprising a second metal-I1I-V compound mate-
rial.

8. The device of claim 7, further comprising a gate contact
and source/drain contacts overlying the gate and the source/
drain regions, respectively.

9. The device of claim 8, further comprising a second
insulating material overlying the source/drain regions and the
gate, wherein the gate contact and the source/drain contacts
are formed in the second insulating material.

10. The device of claim 7, wherein the first metal-111-V
compound material and the second metal-III-V compound
material comprise Me-InAs.

11. The device of claim 7, wherein the first metal-111-V
compound material comprises Me-InAs and the second
metal-III-V compound material comprises Me-InGaAs.

12. The device of claim 7, wherein the second metal-111-V
compound material comprises a Ni-III-V compound mate-
rial.

13. The device of claim 7, wherein the buffer layer com-
prises a second group III-V material and the first insulating
material comprises a third group I1I-V material, wherein the
second group II1-V material and the third group III-V mate-
rial are different.

14. The device of claim 7, further comprising spacers on
sidewalls of the barrier layer and the gate.

15. A semiconductor device comprising a transistor, the
semiconductor device comprising:

a channel region overlying a workpiece;

a barrier layer overlying the channel region;

a gate overlying the barrier layer, a topmost surface of the
gate comprising a first metal-11I-V compound material;
and

source/drain regions on opposite sides of the channel
region, the source/drain regions comprising a second
metal-I1I-V compound material.

16. The device of claim 15, further comprising spacers on
sidewalls ofthe barrier layer and the gate, wherein the spacers
contact a top surface of the channel region.

17. The device of claim 15, further comprising spacers on
sidewalls of the gate, wherein the spacers contact a top sur-
face of the barrier layer.

18. The device of claim 15, further comprising a first insu-
lating material layer overlying the source/drain regions,
wherein a top surface of the first insulating material layer is
substantially co-planar with a top surface of the gate.

19. The device of claim 18, further comprising a second
insulating material overlying the first insulating material
layer and the top surface of the gate.

20. The device of claim 15, further comprising a template
layer overlying the workpiece, wherein the channel region
overlies the template layer, and wherein the template layer
comprises a group 11I-V compound semiconductor material.
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